Structure-based sequence alignment of 728 sequences of different globin subfamilies shows that in each subfamily there are two clusters of consensually conserved residues. The ®rst is the well-known``functional'' cluster which includes six heme-binding conserved residues (Phe CD1, His F8; aliphatic E11, FG5; hydrophobic F4, G5) and seven other conserved residues (Pro C2; aliphatic H19; hydrophobic B10, B13, B14, CD4, E4) that do not bind the heme but belong to its immediate neighborhood. The second cluster revealed here (aliphatic A8, G16, G12; aromatic A12; hydrophobic H8 and possibly H12) is distant from the heme. It is entirely non-polar and includes one turn (i, i 4 positions) from each of helices A, G, and H. It is known that A, G, and H helices formed at the earliest stage of apomyoglobin folding remain relatively stable in the equilibrium molten globule state, and are likely to be tightly packed with each other in this state. We have shown the existence of two similar conserved clusters in c-type cytochromes, heme-binding and distal from the heme. The second cluster in c-cytochromes includes one turn from each of the N and C-terminal a-helices. These N and C-terminal helices in cytochrome c are formed at the earliest stage of protein folding, remain relatively stable in the molten globule state, and are tightly packed with each other in this state, similar to the observed behavior of the globins. At least these two large protein families (c-type cytochromes and globins) have a close similarity in the existence and mutual positions of non-functional conserved residues. We assume that non-functional conserved residues are requisite for the fast and correct folding of both of these protein families into their stable 3D structures.
Introduction
Functionally and evolutionarily related proteins have a common set of identical or similar residues that occupy de®nite functionally important positions. Well-known examples are the active sites in enzymes and heme-binding residues in globins or cytochromes. These``functionally conserved'' residues exist even in widely divergent proteins which have no other readily detectable similarity in their sequences. On the other hand, a number of protein families with divergent sequences have similar overall architecture (``folding patterns'') which immediately raises a question about the sequence basis of this structure similarity. One appealing hypothesis is that the similarity of folding patterns is due to a few key non-functional residues that ensure fast and correct protein folding into the correct stable 3D structure of the native protein (Shakhnovich et al., 1996; Ptitsyn, 1998; Mirny et al., 1998) .
This hypothesis has been con®rmed by the study of the role of conserved non-functional residues in protein folding. Both Monte Carlo calculations on simple cubic lattices (Abkevich et al., 1994) and direct experiments with site-speci®c mutagenesis (Jackson et al., 1993; Otzen et al., 1994) have shown that a number of proteins fold according to an``allor-none'' principle, without any detectable intermediates. The rate-limiting step of folding in these cases is the formation of a de®ned set of native contacts (``folding nucleus''). Monte Carlo calculations have shown that the folding nucleus of a {Deceased, March 22, 1999. Abbreviations used: al, bulky aliphatic residues (Val, Ile, Leu, Met); ar, aromatic residues (Phe, Try, Trp); hp, hydrophobic residues (alar).
E-mail address of the corresponding author: ting@structure.nci.nih.gov simple protein model coincides almost exactly with the set of conserved residues (Shakhnovich et al., 1996) . Moreover, we have predicted the residues forming the folding nucleus in chymotrypsin inhibitor 2, and the experimentally identi®ed folding nucleus (Itzhaki et al., 1995) does ®t our prediction.
If the above mentioned hypothesis is correct, then it opens the possibility for predicting protein folding nuclei from protein sequences. Two approaches to this end have been proposed. The ®rst one is to use a Monte Carlo method to calculate the sequences that stabilize the given 3D structure and to identify the residues which are identical or similar in all these sequences (Abkevich et al., 1994; Shakhnovich et al., 1996) . The second approach is to compare the real sequences of all proteins of the given family and to identify the positions in a sequence or in a 3D structure occupied by identical or similar residues (Ptitsyn, 1998) . The obvious advantage of the ®rst approach is that it is completely structural, many sequences stabilizing one given 3D structure can be generated, and the set of obtained conserved residues does not include residues conserved due to their function. The advantage of the second approach is that it is entirely empirical and does not rely upon calculations dependent on our limited knowledge of intramolecular interactions. This approach permits us not only to verify different theoretical schemes and predictions in this`p hylogenetic analysis'', but also to reveal new features of sequences and 3D structures of actual proteins. Therefore, these two approaches supplement one another, introducing a systematic study of non-functional conserved residues as a key to better understanding of protein structure and protein folding.
The ®rst attempt to apply this empirical phylogenetic method to a large protein family was performed for c-type cytochromes (Ptitsyn, 1998) , one of the most studied and most divergent protein families. It was shown that only four non-functional (no heme-binding) residues are conserved in all seven subfamilies of c-type cytochromes. These four conserved residues form an interface between the N and C-terminal helices which are almost perpendicular to each other. These helices appear at an early stage of protein folding (Roder et al., 1988) , remain relatively stable in the acid molten globule state (Jeng et al., 1990) and are tightly packed with each other in the ®nal protein structure (Marmorino & Pielak, 1995) . The four nonfunctional conserved residues occupy (i, i 4) and (i, i 3) positions in N and C-terminal helices, respectively, and thereby each stabilizes one turn of these helices. Thus, it appears that non-functional conserved residues are designed to sustain protein structure and/or protein folding at the crucial interface between N and C-terminal helices.
Does this special role of a few non-functional conserved residues in c-type cytochromes re¯ect some general rule of protein folding? To answer this question we have performed a similar study of globins -a second large family of evolutionarily and functionally related proteins.
Results

Identification of conserved residues in protein sequences
Let us consider a protein family, i.e. a set of proteins with similar functions and with clear traces of their common evolutionary origins (for example, c-type cytochromes, globins, immunoglobulins, and so on). A protein family can be divided into protein subfamilies, i.e. into the groups of proteins whose sequences are substantially more similar to each other within the group than between different groups. As an example, the large c-type cytochrome family can be divided into mitochondrial cytochromes c and c 1 , chloroplasts cytochromes c 6 and c f , bacterial cytochromes c 2 , c 551 , c 550 (Dickerson, 1972; Dickerson et al., 1976; Meyer, 1996) , plus some other subfamilies too small for statistical analysis. In a similar way the large family of globins can be divided into vertebrate myoglobins, a-, b-, g-, etc., hemoglobins, mollusks, worms globins, leghemoglobins, and so on. The term superfamily we reserve for broad groups of proteins with different functions and without visible traces of common evolutionary origin but which have similar overall 3D structures (folding pattern).`C onserved'' positions are those positions in aligned protein sequences occupied by identical or similar residues in the majority of members in each family. However, identi®cation of the conserved positions (or conserved residues) in protein families has a fundamental dif®culty. The available sequences are distributed among different subfamilies in a highly non-uniform way. For instance, in c-type cytochromes there are 164 sequences belonging to seven subfamilies. A total of 77 % of these sequences belong to c-type cytochrome of mitochondria and chloroplasts, leaving only 23 % as bacterial c-type cytochromes. In a similar way, 637 of 728 globin sequences (i.e. 88 %) belong to different types of vertebrate globins, leaving 12 % for globins of all other organisms. It is evident that this circumstance can lead to a substantial misunderstanding. The subfamilies represented by many sequences will strongly outweigh other subfamilies having relatively small numbers of sequences. It would lead to results whose sequence similarities are due not to functional, structural or folding requirements, but simply to the fact that they are more abundant.
Probably the best way to avoid this dif®culty is to consider as``conserved'' only those positions which are occupied by identical or similar residues in each of the subfamilies. This``consensus principle'' implies that positions occupied by``wrong'' residues even in one subfamily should not be considered as conserved. In fact, it means that the conserved residues are necessary for protein folding and/or stability, and therefore they need to occupy equivalent positions within each subfamily of related proteins.
The study of conserved residues in globins (Perutz et al., 1965; Ptitsyn, 1974; Bashford et al., 1987) and other protein families was started before there were suf®cient sequences to divide them into subfamilies. However, now the numbers of known sequences are much larger and are rapidly growing, the application of this consensus principle becomes feasible. Table 1 illustrates the identi®cation of conserved residues for positions B6 and B13 in globins, following Perutz's notation (Perutz et al., 1965) , i.e. the sixth and the 13th positions from the N terminus of helix B. Both of these positions have the predominant residues in 93 % of all globin sequences. There are small non-polar groups (Ala and Gly) at B6 and large non-polar groups (mainly aliphatic) at B13. Therefore, both positions could be considered to be conserved according to traditional analysis. However, if we apply the consensus principle, i.e. consider the percentage of occupancy of these positions in each of the 12 subfamilies, we come to a quite different conclusion. In fact, B6 is occupied mainly by Ala or Gly in ten subfamilies, but is occupied by these residues only in 6 % of insect globins, and in leghemoglobins there are no Ala or Gly residues at position B6. Instead, B6 is occupied mainly by acidic residues in insect globins and by Ser or Thr in leghemoglobins. Therefore, position B6 cannot be considered conserved. In contrast, position B13 is occupied by bulky aliphatic residues (Val, Ile, Leu, Met) in at least 85 % of sequences in each of 12 subfamilies, and therefore should be considered as conserved.
It is consistent with the consensus principle not to average over all subfamilies but to require each of the subfamilies to meet the same requirements. Normally the conserved positions would be occupied by identical or similar residues (i.e. by residues belonging to one of the groups listed below) in the majority of sequences in each of the subfamilies. Therefore, a test of the conservation of each position is not a value averaged over all subfamilies such as, for instance, sequence entropy. Instead, a more useful consideration is the presence of predominant residues, i.e. positions occupied by identical or similar residues in at least 50 % of the sequences of each subfamily. The positions that meet requirements can be ranked according to the minimal occupancy for all subfamilies, of the given position by the predominant residues. For instance, Table 1 shows that the minimal occupancy of B13 by large non-polar residues is 85 %, while that of B6 by Ala or Gly residues is 0 %. This means that position B13 is conserved, but position B6 is not. Clearly, the threshold between conserved and nonconserved positions is rather arbitrary, it is therefore necessary to study to what extent the main results of the analysis depend on the value of this threshold.
For the identi®cation of conserved residues we shall use the same classi®cation of residues that was used in our previous paper (Ptitsyn, 1998) : hydrophobic, i.e. bulky aliphatic (Leu, Ile, Val, Met) and aromatic (Phe, Tyr, Trp); small non-polar, Gly, Ala; acidic and amide groups Asp, Glu, Asn, Gln; basic, Lys, Arg, His; hydroxyl, Ser, Thr; proline, Pro; and cysteine, Cys. Of course this classi®-cation can be disputed. For instance, bulky aliphatic and aromatic groups could be treated separately and the same is true for acidic and amide groups. Here, we will remark on positions which are occupied by hydrophobic (either bulky aliphatic and aromatic) residues, and those occupied only by aliphatic or only by aromatic residues.
Conserved residues in the globin family
Let us compare the identi®cation of conserved residues in 12 globin subfamilies by the traditional approach and by the consensus principle. According to the traditional approach, globins are quite homologous. The alignment of 728 globin sequences (see Methods) shows that there are 131 positions which are common for the majority of globins. A traditional approach based on 728 sequences would lead to the conclusion that 50 % of these common positions are occupied by identi- The percentage of positions B6 and B13 in globin subfamilies occupied by their predominant residues (Gly, Ala for B6 and bulky hydrophobic for B13). The traditional approach shows the percentage of predominant residues in all 12 subfamilies taken together, while the Consensus principle indicate the extent of this predominance for each of 12 subfamilies. Bold numbers show the minimal occupancy of position B6 by Gly or Ala and of position 13 by bulky hydrophobic residues. cal or similar residues, i.e. by residues belonging to one of the groups mentioned above.
However, the application of our consensus principle changes this picture substantially. Let us divide the 728 available globin sequences into different subfamilies and look for positions occupied by identical or similar residues in each of these subfamilies. We have chosen the following subfamilies: myoglobins, a-, b-, g-, d-and e-hemoglobins, globins of lampreys, mollusks, insects, worms and plants as well as leghemoglobins. Table 2 presents the positions occupied by identical or similar residues in 550 % of the sequences of each subfamily. Out of the total of 131 positions in the globin alignment, only 23 (i.e. 18 %) meet this requirement and are included in Table 2 . In the last ®ve rows, positions (A4, A15, E7, H12, H15) are shown occupancies by the predominant identical or similar residue below 75 % and above 50 % for the sequences in each subfamily. The remaining 18 positions with the minimal occupancy in at least 75 % of sequences in each of the 12 subfamilies, we consider to be conserved. First of all, His F8 (proximal histidine residue) and Phe CD1 play a key role in heme binding. There is also position B10 that is occupied by hydrophobic residues with a minimal occupancy as large as 99 %. Eight other positions are occupied by hydrophobic residues (FG5, G5, G12, H8) with minimal occupancy about 95 % and A12, B14, CD4, E11 with minimal occupancy about 90 %. In addition, six positions B13, E4, F4, G16, C2, A8, H19 are occupied by hydrophobic residues with minimal occupancy 75-85 %. A number of these positions are occupied in 575 % sequences not only by a hydrophobic classi®cation but even more speci®cally by aliphatic or aromatic residues (see below). There is also one position, C2, which is predominantly occupied by proline with minimal occupancy of 75 %.
Conserved clusters in globins
The next point is to learn which conserved residues contact each other (or the heme) forming conserved cluster(s) in common for the whole globin family. Now more than 362 different globin 3D structures are known and included in the Protein Data Bank. Just as for sequences (see above) the overwhelming majority of these structures belong to globins of vertebrates. To avoid excessive in¯u-ence of these globins on the total statistical picture we have considered no more than three structures for each subfamily, even in the cases where more structures are known (see Methods). The residues are considered to be in contact if the centers of at least one pair of non-hydrogen atoms between the pair of residues has a distance 45 A Ê . The relative strength of a contact between two given residues is evaluated simply on the basis of the total number of interatomic contacts between non-hydrogen atoms (see Ptitsyn, 1998 ).
The results of the analysis of contacts, presented in Figure 1 , clearly show that the residues conserved in all 12 globin subfamilies form two distinct clusters. The ®rst cluster includes the heme and its surroundings, i.e. six residues that are directly bound to the heme (green) and another ®ve residues not bound to the heme (blue) but close to it. Nearly all residues traditionally considered as heme-binding meet even the rigid criterion of conservation following from the consensus principle. The exception is position E7 that is occupied by a distal histidine residue in 595 % sequences of ten subfamilies, but only in 570 % in mollusk globins and 560 % in worm globins. Therefore, it cannot be considered as conserved residue according to our criterion.
As to the other ®ve positions that do not bind the heme but are close to it, they make a linear network of contacts, C2-B14-B10-E4-CD4. This``subcluster'' has a contact through only one residue (B14) with the heme-binding residue Phe CD1; these belong to the nearest-neighbourhood of the heme. David Phillips has suggested that Pro at position C2 facilitates the break between helices B and C (M. Perutz, private communication). The reason for conservation of the other four residues is unknown.
In total, there are 13 positions in the heme neighborhood: six heme-binding positions (CD1, E11, F4, F8, FG5, G5), ®ve positions (C2, B14, B10, E4, CD4) in a neighboring``linear cluster'' (see above) plus position H19 (which contacts heme-binding position G5) and position B13 (which does not form contacts with the other conserved residues). A total of 11 of these positions, i.e. all excluding His F8 and Pro C2, are occupied by bulky nonpolar residues.
Much more interesting, however, is the distant second cluster. It is entirely non-polar and consists of six conserved residues (A8, A12, G12, G16, H8) with minimal occupancies 575 % plus position H12 with minimal occupancy of 70 %. The position of this cluster relative to the heme and its nearest environment is shown in Figure 2 . One can see that this cluster is well separated from the heme and therefore takes no part in the heme binding. Therefore, its conservation cannot be explained by its heme-binding function, but might be important for fast and correct folding of these proteins into their stable native structures.
An important point is that all ®ve or six conserved positions of this non-functional cluster reside in the A, G, and H helices. They ®ll (i, i 4) positions in these helices (for example, A8 and A12), forming one turn in each of them. Thus, the mutual positions of non-functional conserved residues in globins are similar to those previously described for c-type cytochromes (Ptitsyn, 1998) . The only difference is that a non-functional conserved cluster in globins consists of three helices, while in c-type cytochromes it is comprised of two helices. Table 2 . Predominant residues common for all globin subfamilies A total of 23 positions in globin subfamilies that are occupied by identical or similar residues in at least 50 % of the sequences in each subfamily. The minimal occupancies of each position by its predominant residues is shown by bold numbers, and these are repeated in the last column. The occupancies are rounded to the nearest value divisible by ®ve. The exceptions are 99 and 98 % which are not rounded to 100 %, to emphasize that in these cases identical or similar residues occupy this position, but not in all sequences. The brackets indicate cases where conservation extend to more speci®c categories of residues.
All conserved non-functional positions are occupied by large non-polar residues. However, Table 2 shows an even stronger conservation. Positions A8 and G16 are occupied predominantly by aliphatic groups in all subfamilies with minimal occupancy of 75 and 85 %, respectively. Moreover, A8 strongly prefers Val or Ile, while position G16 is ®lled by Leu or Ile. Position A12 is occupied predominantly by aromatic residues in all subfamilies and in 11 subfamilies this residue is Trp. Position G12 is occupied mainly by aliphatic groups in ten subfamilies. It suggests that not only hydrophobicity of these groups but also their speci®c chemical nature may be important for the formation of the stable AGH complex.
This observation can be compared with the degree of conservation of another group of conserved residues, which either bind the heme or are near it. Among the hydrophobic heme-binding residues one (Phe CD1) is identical in all sequences, while another, FG5, is aliphatic in 595 % sequences in each subfamily. In contrast, ®ve hydrophobic residues, which are near to the heme but do not bind it, can be occupied by either aliphatic or aromatic residues and only one, H19, is occupied mainly by aliphatic residues. Figure 3 presents the detailed structure of the non-heme conserved clusters in globins. The Figure is of the b-chain of human hemoglobin, but the general picture differs only slightly for other globins. One can see that there are only three contacts between residues belonging to different a-helices. Especially strong is the contact between Figure 1 . Scheme of contacts between conserved residues in globins. Heme-binding residues are shown in green, residues which are close to the heme but make no contacts directly with it are blue, and the non-functional conserved hydrophobic cluster in the AGH complex is red. Positions with minimal occupancy 590 % are shown in dark colors, while positions with minimal occupancy between 75 and 90 % are in light colors. Positions with minimal occupancy between 50 and 75 % are shown for comparison (without color or frames). The numbers following residue types indicate minimal occupancies for each position. Two minimal occupancies for the same position (such as hp 95 and al 85 for position FG5) mean that this position is conserved not only as hydrophobic residues but separately as aliphatic residues in each subfamily. Arcs refer to intrahelical contacts between position i and i 4 in an a-helix; other contacts are shown by straight lines. The number of interatomic contacts for the each pair of residues are shown on the lines or arcs. Position H12 whose minimal occupancy by hydrophobic group is 70 % (i.e. slightly less than our threshold) is shown in a dotted frame. The numbers of interatomic contacts were averaged over 21 3D structures and rounded to the nearest value divisible by ®ve.
H8 with a predominantly aliphatic position A8. There are also two other weaker contacts of H8 with the predominantly aromatic A12 and predominantly aliphatic G16. It is remarkable that the position H8 which forms a core of the AGH cluster is not so conserved. In fact, it is ®lled by aromatic residues in ten subfamilies and by aliphatic residues in the two remaining subfamilies (myoglobins and a-hemoglobins).
Up to this point we have utilized a threshold between``conserved'' and``non-conserved'' residues as minimal occupancy 575 %. Since this threshold is somewhat arbitrary, we have investigated how the results change if we select 550 % Figure 2 . Two conserved clusters in globins. Only positions occupied by identical or similar residues in 575 % of sequences in each subfamily are included. The heme is shown in yellow, the heme-binding residues are green, other conserved residues in the heme neighborhood are blue, and the non-functional hydrophobic cluster in the AGH complex is red. Residues are also shown for each residue in oneletter code. This is the b-chain human hemoglobin structure; the mutual positions of conserved residues in other globins are approximately the same. Helices are shown as gray cylinders A-H. and 590 % as thresholds. Light colored positions in Figure 1 show that there are only ®ve positions in the heme neighborhood which do not meet the threshold 590 %. Removing these positions, B13, C2, E4, F4 and H19, from the heme-surrounding cluster makes no substantial changes to the overall picture. On the other hand, a decrease in threshold to 550 % adds to this picture only the distal histidine E7 residue and residues A4, A15, H12, H15, which are just extensions of helices A and H. Thus, we conclude that the important identi®cation of the AGH cluster does not depend on the value of the threshold within the range from 550 to 590 %.
Discussion
The main result of this study is to reveal a common non-functional hydrophobic cluster in all 12 subfamilies of globins. Similar to the case of c-type cytochromes, the number of residues in this cluster is very small, four in c-type cytochromes and ®ve or six in globins. Nevertheless, the conservation of these non-functional positions in the 3D structure suggests their importance for protein folding into a stable structure. All these conserved non-functional residues belong to a-helices (N and C-terminal in c-type cytochromes and A, G, H in globins).
An interesting point is that helices A, G, H are formed at an early stage of folding as established by Jennings & Wright (1993) by protection of amide protons from deuterium-hydrogen exchange. According to these data, helices A, G, H as well as the C-terminal part of helix B become relatively stable within the dead-time of their experiment ($6 ms). As it is was shown above, these are just the same non-functional (not hemebinding) positions that are conserved in all globin subfamilies.
Even earlier it was shown that helices A, G, H and probably the C-terminal half of helix B are present also in the equilibrium molten globule (``acid'') state of apomyoglobin (Hughson et al., 1990) . The close similarity of these amide protons for deuterium-hydrogen exchange was one of the main arguments in favor of the assumption that kinetic and thermodynamic folding intermediates have similar structure (Baldwin, 1993; Ptitsyn, 1995) .
A study of the stability of different apomyoglobin mutants leads to the conclusion that mutations in the AGH region as a rule destabilize the folding intermediate to an extent comparable to their destabilization in the native state (Kay & Baldwin, 1996) . It is not the case for mutations outside the AGH region. This is strong evidence that at least a part of AGH region is tightly packed not only in the native but also in the molten globule state.
Finally, Wright and his collaborators (Eliezer et al., 1998) have shown recently by multi-dimensional NMR spectroscopy that all native helices of apomyoglobin (but helix F) are observed even in acid-unfolded protein and are present in its molten globule state. It is interesting to note that the most pronounced in the molten globule state are helices A, G, H and the C-terminal part of helix B, i.e. exactly the conserved non-functional regions.
All these results provide direct evidence only about the existence of A, G, H helices in the equilibrium or kinetic molten globule states. However, they do not answer the question of whether the A, G, H helices really form a complex, and if so, what is the structure of this complex. More recently it was shown (Tcherkasskaya & Ptitsyn, 1999) that the AGH complex is present also in the equilibrium molten globule state, and that at least some interhelical distances in this complex are very similar both in the molten globule and in the native state. The present approach can serve as a direct guide for mutational probing of protein structure and protein folding.
We conclude that non-functional hydrophobic clusters in c-type cytochromes and in globins share a number of important structural characteristics:
(1) Both of them consist of a few (four to six) nonpolar residues belonging to two or three a-helices.
(2) In both cases non-functional conserved residues occupy (i, i 4) or (i 3) positions in each of these a-helices, thus stabilizing one turn in each of them. (3) The helices, with conserved residues are formed at an early state of protein folding. (4) These helices are relatively stable also in the equilibrium molten globule state. (5) Side-chains of the interface between these helices are more or less tightly packed not only in the native but also in the molten globule state.
The two ®rst conclusions are the result of this work as well as the previous paper (Ptitsyn, 1998) , while the last three are the result of experimental study by Jennings (1993) , Hughson et al. (1990) , and Kay & Baldwin (1996) , respectively.
If this close similarity was to be con®rmed by further studies of non-functional conserved residues in other a-helical proteins, it would lead to general conclusions about the similar features of folding of a-helical proteins. This folding may start with the collision of conserved residues residing in different a-helices (which, of course, does not mean that these helices necessarily exist before collision). If these residues occupy (i, i 4) or (i 3) positions along the helix, their collision would lead to a decrease in the entropic potential barriers for formation of the ®rst turn of each a-helix. Indeed, the free energy of initiation of a-helix is well known to be about 4 kcal/mol, while the free energy of its growth is near zero (see Ptitsyn, 1972) . Therefore, if the collision of residues permits the formation of one helical turn in some potential helices, their growth will be practically free of charge. If this scenario is correct, the transition state for all-or-none folding could include two or more a-helices instead of just a few conserved residues. The interaction between these helices would then facilitate further decreases in the folding barrier even if the rest of the residues in the helices are not conserved.
Thus, it seems that the systematic studies of conservation of residues in protein families and superfamilies can aid in the understanding not only of protein structure but also of the protein folding.
Methods Alignment
Sequence alignment was performed using the PileUp program of the GCG package (Wisconsin Package, Version 9.1-UNIX, installed on a Silicon Graphics computer). The PileUp program creates a multiple sequence alignment from a group of related sequences using the progressive, pairwise alignment method by Feng & Doolittle (1987) . The multiple alignment procedure begins with the pairwise alignment of the two most similar sequences. This cluster can then be aligned to the next most related sequence or cluster of aligned sequences. The ®nal alignment is achieved by a series of progressive, pairwise alignments that includes increasingly dissimilar sequences and clusters, until all sequences have been included in the ®nal alignment.
A progressive approach was adopted to overcome the limits of this software and the unevenness of the distribution of the data among biological species in the database. In the ®rst step, the StringSearch program was used to ®nd out how many globin sequences are in the database. It was found that there were 1476 globin sequences in the Non-repeated-proteins (NRP) Database, 1014 sequences in Pir-Protein, and 761 sequences in Swiss-Protein Database. Since there are duplications between Swiss-Protein and Pir-Protein databases, we arbitrarily chose to work only with protein sequences in the Pir-Protein Database (decision 1). As the full-length of the molecule was needed to detect the folding nucleus, the sequences that were obviously fragments, linkers and precursors were deleted. Only 920 sequences were left for further analysis. Since there is a limitation of 500 sequences of the multiple alignment in PileUp, the 920 globins were arbitrarily split into two groups, one with 448 of hemoglobin in Pir1 and the other with 472 of myoglobins and hemoglobins in Pir2 and Pir3. These two groups of sequences were aligned separately using the PileUp program. It was shown that there are three more abundant proteins, namely myoglobins, a-hemoglobins and b-hemoglobins of vertebrates which are represented by many sequences. In addition, there was also a vast diversity of biological species with smaller populations of sequences, such as g, d and e-hemoglobins, globins of lamprey, mollusks, insects, worms, plants as well as leghemoglobins.
Decision 2 was to select fewer than 500 representative globins from the above two alignments that would include biological species as diverse as possible. The incomplete sequences and sequences without a histidine residue in the F8 position were deleted. Thus, 159 sequences from Pir1, 184 sequences from Pir2 and 61 sequences from Pir3, totaling 404 globins were selected. Multiple alignment of these 404 selected proteins showed clusters of 30 myoglobins, 115 a-hemoglobins, 94 b-hemoglobins of vertebrates, and the remaining species were distinguished from these.
Decision 3 was to establish a template of alignment. An attempt was made to reduce the excessive representation of one family, to provide a weighted template and to assure the correct alignment of diverse and miscellaneous globins with the PileUp program. The three most abundant globins, myoglobins (30), a-hemoglobins (77), and b-hemoglobins (35) were selected as the template, which together with 117 other globins made a ®le of 259 sequences. The alignment of these 259 sequences was the basis for de®ning the conservation of positions and the eight helices of each molecule for each family. Globins are capable of de®ning separate biological families distinctively. A total of 12 subfamilies appeared in the globins. Besides the three major families, i.e. myoglobins, a-hemoglobins, b-hemoglobins, nine other subfamilies were also included in this alignment.
While the PileUp program revealed conservation at certain positions, structurally meaningful alignments are not obtained. This is because gaps or insertions inside of helices will destroy the tertiary interactions. A simple example is an amphipathic helix where a gap or insertion would change the relative orientation between the hydrophobic faces on the two sides of the gap or insertion. Thus, the alignment of each subfamily was made manually. Decision 4 did not allow deletions or insertions inside a helix. Interhelical positions are permitted to vary in length in order to achieve a more correct alignment at highly conserved positions (see Table 3 ).
After re®nement and correction, 131 common positions of each protein were recorded, that included the pre-helical, post-helical positions and the eight helices, and some conserved interhelical positions. These common position are A(À1), A1-A16, B1-B16, C1-C7, CD1-4, D(À1), D1-D7, E1-E20, EF1, F(À1), F1-F9, FG1, FG2, FG3, FG5, G1-G19, H(À1), H1-H24. Positions A(À1) means the last position before helices A. The frequencies at each position for each of the smaller nine subfamilies were calculated. The three most abundant subfamilies were regrouped separately with the original collection for each subfamily from the database. Multiple alignment and re®nement was done separately for each subfamily in order to obtain frequencies at each position.
A table of predominant residues at each subfamily of the 12 subfamilies was established. Distinguished features such as conservation of residues can be observed from Table 2 .
Contacts
The 3D structures of globins were found with the DocSearch program against the 3D sequence database (NRL 3D) in the GCG package. There were 362 sequences, and their sequence alignment showed much redundancy both for sequences and species. A decision about the selection was made to include different biological species insofar as possible. A total of 21 globins were selected (Table 3) , and the corresponding PDB 3D structures were chosen.
These are: sperm whale (5mbn; Takano, 1984) , tuna (1myt; Birnbaum et al., unpublished results), and sea turtle (1lhs; Naridini et al., 1995) myoglobins; human (3hhba; Fermi et al., 1984) , deer (1hdsa; Girling et al., 1979) , and emerald rockcod (1pbxa; Camardella et al., 1992) a-hemoglobins; human (3hhbb; Fermi et al., 1984) , deer (1hdsb; Girling et al., 1979) , and emerald rockcod (1pbxb; Camardella et al., 1984) b-hemoglobins; human g-hemoglobin (1fdhg; Frier et al., 1977) ; sea lamprey hemoglobin (2lhb; Honzatko et al., 1985) ; arc shell (4sdha; Royer et al., 1994) , Lucina pectinata (1¯p; Rizzi Sequence alignment of 21 globin sequences having structures (PDB code in the ®rst column) that include a nearly uniform distribution among the 12 subfamilies. The sequences in bold were aligned according the published alignment by Bashford et al. (1987) . The two completely conserved residues (CD1 and F8) are in italics. These are the sequences whose structures were used for calculating average contacts.
et al., 1994), and sea hare (5mba; Mattevi et al., 1991) mollusk globins; midge erythrocruorin (1eca; Steingemann & Weber, 1979) ; bloodworm (2hbg; Arents & Love, 1989) , pig roundworm (1ash; Yang et al., 1995) , spoonworm (1itha; Kolatkar et al., 1992) , and sea cucumber (1hlb; Mitchell et al., 1995) hemoglobins; soybean (1bina; Hargrove et al., 1997) ; and yellow lupine (2lhl; Vainstein et al., 1975) . Interatomic distances were calculated for each residue against other residues in the same molecule. Contacts between two atoms were de®ned as those within 5 A Ê . The number of contacts between the atoms of two residues was chosen as a direct measure of the extent of interaction between these residues. Tables of the number of contacts between conserved residues were established and the average number of contacts were calculated for contacts that exist at least in 19 of the 21 proteins. These averages are shown along the connecting lines in Figures 1 and 3 .
